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Abstract

The salt [Cx,;NH,])[HFe;(CO),,]- OEt, (Cx = cyclohexyl, Et = ethyl) was isolated from
Cx,NBBr, /Na,Fe,(CO)g /Et,0 and was shown by X-ray diffraction (monoclinic, P2, /a: a =17.449(5),
b =16.345(5), ¢ =13.466(4) A B= 118.45(2)°, Z = 4) to contain the expected Cx,NH3 and HFe;(CO);;
ions as well as the diethyl ether. In each Cx,NHJ cation one hydrogen atom is hydrogen bonded to the
bridging CO oxygen of the HFe;(CO),; anion whereas the other hydrogen atom is hydrogen bonded to
the diecthyl ether. The Mossbauer effect spectral parameters (8, AEg, T, area ratios) of
[Cx,NH,[HFe;(CO),, ] at 295 and 78 K are closely related to those of Fe,(CO),,.

Introduction

The HFe;(CO);; anion (I) is a relatively stable and readily available metal
carbonyl anion that exhibits interesting ion pairing and solvation effects with the
accompanying countercation. In most cases the center for such ion pairing is the
single bridging carbonyl group, since the oxygen atoms of bridging carbonyl groups

* We are pleased to dedicate this manuscript to Prof. Erwin Weiss in recognition of his many important
contributions to the field of organometallic chemistry.
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are more basic than those of terminal carbonyl groups [1]. Thus in the alkali metal
salts MHFe,(CO);; (M = Li, Na, K, Rb, Cs) spectroscopic studies [2], particularly
shifts in infrared »(CO) frequencies, indicate ion pairing of the alkali-metal cation
with the bridging carbonyl oxygen of the HFe,(CO);; anion. In addition, there is
spectroscopic evidence [3] for ion pairing in the tertiary ammonium derivative
[Et;NH][HFe,(CO),,] by hydrogen bonding from the N~H hydrogen of the Et,;NH™*
cation to the bridging CO oxygen of the HFe;(CO);; anion.

The situation in the case of the secondary ammonium derivatives [R,NH,]-
[HFe,(CO),,] is more interesting since the R,NHJ cation has two potential
hydrogens for hydrogen bonding but there is only one bridging carbonyl group in
HFe,(CO);, to act as a hydrogen bond acceptor. In the case of ['Pr,NH,]-
[HFe,;(CO),,], prepared in aqueous solution [4], a structure determination by X-ray
diffraction indicates that in the 'Pr,NH; cation one N-H group is hydrogen
bonded to the bridging carbonyl group and the other N-H group is hydrogen
bonded to a terminal carbonyl group. We have now isolated [Cx,NH,]-
[HFe;(CO),,]- OEt, (Cx = cyclohexyl) from the reaction of Cx,NBBr, with
Na,Fe,(CO); in diethyl ether. Determination of the structure of [Cx,NH,]-
[HFe,(CO),,]- OEt, by X-ray diffraction indicates that in the Cx,NHJ cation, one
N-H group is hydrogen bonded as usual to the bridging CO group of HFe,(CO)y;
but the other N-H group is hydrogen-bonded to the diethyl ether thereby under-
scoring the weakness of hydrogen bonding to terminal CO groups as compared with
bridging CO groups.

This paper reports the details of the structure determination of [Cx,NH,]-
[HFe,(CO),,] - OEt, by X-ray diffraction as well as a comparison of the Mdssbauer
effect spectrum of the HFe,(CO),; anion with that of Fe,(CO),,.

Experimental section

The general experimental procedure is similar to that described in previous
papers from this laboratory [5] except that infrared spectra were run on a Digilab
FTS-60 Fourier transform infrared spectrometer.

Isolation of [Cx,NH,][HFe ,(CO),,] - OEt,

The sample of [Cx,NH,][HFe,(CO),,]- OEt, used in this work was isolated
from an unsuccessful attempt to prepare dicyclohexylaminoboron iron carbonyl
derivatives by the reaction of equimolar quantities of Cx,NBBr, [6] (66 g, 190
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mmol) and Na,Fe,(CO); [7] (72 g, 190 mmol) in diethyl ether (600 ml) at —78°C.
After warming to room temperature, the solvent was removed in vacuum. The
hexane-insoluble residue was extracted with diethyl ether. Column chromatography
using ether as an eluent gave 15.7 g (17% yield based on iron) of dark purple
[Cx,NH,][HFe,(CO),,] - OEt,; carbon-13 NMR in CDCl;: 6 221 and 210 from the
carbonyl groups, & 64.5, 29.5, and 23.8 from the cyclohexyl groups, and  54.3 and
14.2 from the diethyl ether. Anal. Found: C, 42.8; H, 4.9; N, 1.9. C,;H,;Fe,NO,,
calc.: C,44.2; H, 4.8; N, 1.9%.

The sample of [Cx,NH,][HFe;(CO),,] used for the infrared spectroscopic studies
was obtained from [Cx,NH,]Cl and KHFe;(CO),; in water similar to a published
procedure [4].

Structure determination of [Cx,NH,][HFe ,(CO),,] - OEt, by X-ray diffraction

A crystal of [Cx,NH,][HFe;(CO),,] - OEt, from diethyl ether was mounted on a
Syntex P3 automated diffractometer. Unit cell dimensions (Table 1) were de-
termined by least squares refinement of the best angular positions for fifteen
independent reflections (26 >15°) during normal alignment procedures using
molybdenum radiation (A =0.71069 A). Data (5979 independent points after re-
moval of space group forbidden and redundant data) were collected at room
temperature using a variable scan rate, a #-26 scan mode, and a scan width of 1.2°
below K, and 1.2° above K, to a maximum 26 value of 50 °. Backgrounds were
measured at each side of the scan for a combined time equal to the total scan time.
The intensities of three standard reflections were remeasured after every 97 reflec-
tions. As the intensities of these reflections showed less than 5% variation, correc-
tions for decomposition were deemed unnecessary. Data were corrected for Lorentz,
polarization, and background effects. Observed reflections [3305 (I > 3.00([)] were
used for solution of nonhydrogen positions of the structure by direct methods using

Table 1

Crystal data for [Cx,NH,][HFe,(CO),,]- O(C,Hs),

Formula Fe,C,,H,5sNO,,
MW 733.1

a 17.449(5) A
b 16.345(5) A

¢ 13.466(4) A
a 90.0°

8 118.45(2)°

% 90.0°

14 3376.6(17) A®
F(000) 1512
n(Mo-K,) 1326 cm ™!
A(Mo-K,,) 0.71069 A
Deaie 1442 g cm™3
zZ 4

Space group P2,/a

Obs. refl. 3305

Octants meas. th k!
R/R,, 6.4/79%

G.O.F. 0.3%
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sHELX86 [8]. Refinements [9] of scale factor, positional, and isotropic thermal
parameters for these atoms were carried out to convergence. The asymmetric unit
consists of one HFe,(CO);; ion which is hydrogen bonded to one hydrogen atom of
a Cx,NHJ cation. The second hydrogen of Cx,NHJ is hydrogen bonded to the
oxygen atom of an Et,0 molecule. The Et,O molecule is disordered and shows two

Table 2
Non-hydrogen positional parameters for [Cx,NH,[HFe;(CO),;]- OEt,

Atom x(o(x)) y(o(y)) z(a(2))
Fel —0.2883(1) 0.3204(1) 0.2495(1)
Fe2 —0.1226(1) 0.3467(1) 0.3298(1)
Fe3 —0.2015(1) 0.2386(1) 0.1613(1)
o1 —0.3472(5) 0.4100(5) 0.3869(8)
012 —0.4203(5) 0.3899(6) 0.0339(7)
013 —0.3874(5) 0.1720(4) 0.2315(7)
014 —0.1743(4) 0.2440(4) 0.4649(5)
021 —0.0624(6) 0.4665(6) 0.2160(7)
022 —0.0469(5) 0.4325(5) 0.5435(6)
023 0.0204(5) 0.2296(5) 0.4106(7)
031 —0.3497(6) 0.1578(6) —0.0245(8)
032 —0.2369(6) 0.3887(6) 0.0262(7)
033 —0.1671(6) 0.1027(4) 0.3239(8)
034 —0.0545(6) 0.1937(7) 0.1269(9)
N1 —0.0976(4) 0.2380(4) 0.7035(6)
c1 0.8089(9) 0.6110(12) 0.4821(13)
2 —0.3067(13) 0.1231(16) 0.6151(19)
c4 —0.2428(16) 0.1041(16) 0.7692(21)
Cs 0.8145(13) 0.0928(11) 0.8809(13)
cil —0.3250(6) 0.3755(6) 0.3337(9)
C12 —0.3650(7) 0.3637(7) 0.1168(10)
c13 —0.3492(6) 0.2294(6) 0.2363(8)
C14 —0.1890(5) 0.2836(5) 0.3812(8)
c21 —0.0885(7) 0.4201(7) 0.2544(9)
c2 ~0.0774(6) 0.4015(6) 0.4564(8)
C23 —0.0375(6) 0.2754(7) 0.3764(9)
c31 —0.2915(8) 0.1886(8) 0.0496(12)
Cc32 —0.2216(7) 0.3331(8) 0.0835(9)
C33 —0.1810(7) 0.1564(7) 0.2633(9)
C34 —0.1116(8) 0.2115(9) 0.1401(11)
038 ~0.251717) 0.1604(17) 0.7013(31)
039 —0.2251(16) 0.1419(17) 0.7106(28)
Cl11 ~0.0162(6) 0.1867(6) 0.7441(9)
Cl12 —0.0431(7) 0.1026(7) 0.6939(11)
C113 0.0365(9) 0.0503(7) 0.7229(14)
Cl14 0.0956(9) 0.0893(9) 0.6833(14)
C115 0.1211(8) 0.1729(8) 0.7298(13)
Cl116 0.0430(7) 0.2259(6) 0.7057(10)
c121 —0.0876(6) 0.3216(5) 0.7569(7)
ci22 —0.1685(6) 0.3704(6) 0.6851(8)
C123 —0.1593(7) 0.4551(7) 0.7373(11)
Cl124 —0.1409(8) 0.4530(7) 0.8567(11)
C125 —0.0627(8) 0.4007(7) 0.9252(10)

C126 —0.0720(7) 0.3154(6) 0.8760(8)
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50% occupancy positions for the oxygen atom. Disorder of the carbon atoms
attached to the oxygen is apparent. However, attempts to resolve this in terms of
partial occupancy carbon positions were unsuccessful. The position of the hydrogen
atom bridging Fel and Fe2 was apparent from a difference Fourier synthesis;
however, this position was unstable to refinement. Hydrogen positions for di-
cyclohexyl and ammonium protons were calculated assuming idealized geometries
and a C—H distance of 0.97 A. Hydrogen atoms of the Et,O moiety were ignored
owing to the uncertainty of the carbon atom positions. Final cycles of least squares
refinement allowed refinement of nonhydrogen positions with anisotropic thermal
parameters. Parameters for hydrogen atoms were included with fixed isotropic
thermal parameters. The function minimized, Z(|F,|— | F.])?, led to a final
agreement factor, R =6.4% where R=(2|| F,}|— |F, || /2| F, |) X 100. Scattering
factors were taken from Cromer and Mann [10]. Anomalous dispersion corrections
were introduced for Fe [11]. In the final stages of refinement a weight of 1/o(F)?
was used: R, = 7.9%. Positional parameters and selected bond distances and angles
are given in Tables 2 and 3, respectively. Tables of all bond distances and angles,
anisotropic thermal parameters, and F,,, and F_,_  are available from the authors
upon request.

Massbauer effect studies

The Mossbauer effect spectra were obtained on a constant-acceleration spec-
trometer which used a room temperature rhodium matrix cobalt-57 source and was
calibrated at room temperature with a-iron foil. The Mossbauer effect absorbers
were prepared by dispersing [Cx,NH,][HFe;(CO),,] - OEt, uniformly in vaseline
with a concentration of either 24 or 59 mg/cm’ of sample. Different absorber
concentrations were used in order to avoid saturation effects at 78 K and to produce
a significant percent effect at 295 K. The spectra were fit by using standard
computer least squares minimization techniques with two doublets whose compo-
nents had equal linewidths. The components of the inner doublet had equal areas,
but the components of the outer doublet had different areas.

Results and discussion

Structural studies

The sample of [Cx,NH, ][HFe,(CO),,] - OEt, was isolated inadvertently from an
attempt to prepare dicyclohexylaminoboron iron carbonyl derivatives from the
reaction of Cx,NBBr, with Na,Fe,(CO); in diethyl ether and identified by its
structure determined by X-ray diffraction. This structure (Fig. 1) shows both the
Cx,NHJ cation and the HFe,(CO);; anion with the expected geometries. Of
particular interest is the participation of the two hydrogen atoms of the Cx,NH}
cation in hydrogen bonding (Table 4). One of the hydrogen atoms H1 is hydrogen
bonded to the oxygen atom of the single bridging CO group of HFe,(CO);;, namely
014, similar to a reported [4] hydrogen bond in ['Pr,NH,][HFe,;(CO),,]. However,
the other hydrogen atom H2 of the Cx,NH; cation in [Cx,NH,][HFe,(CO),,]-
OEt, is hydrogen bonded to a diethyl ether oxygen (038 or 039) whereas the other
hydrogen atom of the 'Pr,NH; cation in ['Pr,NH,][HFe,(CO),,] is hydrogen
bonded to a terminal CO group [4]. This is in accord with the higher basicity of
oxygen atoms of bridging CO groups relative to terminal CO groups [1]. Thus
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Table 3

Selected bond distances (A) and angles ( °) for [Cx,NH,][HFe,(CO),,]- OEt,

Fel-Fe2
Fe2-Fe3
Fel-Fe3
Fel-Cl11
Fel-C12
Fel-C13
Fel-Cl14
Fe2-C21
Fe2-C22
Fe2-C23
Fe2-Cl14
Fe3-C31
Fe3-C32
Fe3-C33
Fe3-C34
C11-011
C12-012
C13-013
C14-014
C21-021
C22-022
C23-023
C31-031
C32-032
C33-033
C34-034
014 - .- H1
H2-.-038
H2---039
C1-C2
C2-038
C2-039
C4-038
C4-039
C4-C5

Fe2-Fel-Fe3
Fel-Fe2-Fe3
Fel-Fe3-Fe2
Fel-Cl4-Fe2
Fe1-C14-014
Fe2-C14-014
Cl14-Fel-C11
Cl14-Fel-C12
C14-Fel-C13
Cl14-Fel-Fe2
Cl4-Fel-Fe3
Fe2-Fel-Cl11
Fe2-Fel-Cl12
Fe2-Fel-C13
Fe2-Fel-Fe3

2.594(2)
2.681(2)
2.684(3)
1.79(1)
1.79%(1)
1.79Q1)
1.892(7)
1.84(1)
1.75(1)
1.75(1)
1.910(1)
1.77(1)
1.80(1)
1.83(1)
1.78(2)
1.12(2)
1.16(1)
1.13(1)
1.22(1)
1.13(2)
1.15(1)
1.16(1)
1.15(1)
1.14(2)
1.14(1)
1.13(2)
1.81
2.07
1.84
1.30(3)
1.26(4)
1.42(3)
1.25(4)
1.15(5)
1.36(3)

61.01(6)
61.16(6)
57.83(6)
86.0(4)
137.1(8)
136.6(6)
90.6(4)
167.4(5)
93.7(4)
47.3(3)
78.4(4)
108.5(3)
120.3(4)
132.1(3)
61.01(6)

Fe3-Fel-Cl11
Fe3-Fel-C12
Fe3-Fel-C13
Cl11-Fel-C12
C11-Fel-C13
Cl12-Fel-C13
Cl4-Fe2-C21
C14-Fe2-C22
C14-Fe2-C23
C14-Fe2-Fel
C14-Fe2-Fe3
Fel-Fe2-C21
Fel-Fe2-C22
Fel-Fe2-C23
Fel-Fe2-Fe3
Fe3-Fe2-C21
Fe3-Fe2-C22
Fe3-Fe2-C23
C21-Fe2-C22
C21-Fe2-C23
C22-Fe2-C23
Fel-Fe3-C31
Fel-Fe3-C32
Fel-Fe3-C33
Fel-Fe3-C34
Fe2-Fe3-C31
Fe2-Fe3-C32
Fe2-Fe3-C33
Fe2-Fe3-C34
C31-Fe3-C32
C31-Fe3-C33
C31-Fe3-C34
C32-Fe3-C33
C32-Fe3-C34
C33-Fe3-C34
Fel-C11-011
Fel-C12-012
Fel-C13-013
Fe2-C21-021
Fe2-C22-022
Fe2-C23-023
Fe3-C31-031
Fe3-C32-032
Fe3-C33-033
Fe3-C34-034
C1-C2-038
C1-C2-039
C2-038-C4
C2-039-C4
038-C4-C5
C39-C4-C5

168.3(3)
93.7(5)
88.6(4)
96.4(5)
96.2(5)
95.9(4)

164.0(4)
89.6(5)
93.9(5)
46.1(2)
78.2(3)

117.8(3)

112.8(4)

128.7(4)
61.16(6)
97.6(4)

167.2(4)
82.6(2)
95.2(5)

100.9(6)
94.6(4)
98.4(6)
80.6(5)
89.0(4)

157.1(4)

155.7(5)
78.8(3)
90.6(3)
99.4(4)
93.1(5)
94.3(5)

104.0(7)

168.0(6)
93.6(7)
93.8(6)

179.4(8)

173.7(13)

177.6(11)

174.8(9)

175.3(9)

177.7(10)

178.2(13)

174.0(10)

176.6(12)

179.5(19)

130 (3)

118 (2)
95 (2)
91(2)

132 (2)

122 (3)
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Fig. 1. OrTEP diagram of [Cx,NH,]{HFe,(CO),,]- OEt,.

crystallization of a [R,NH,][HFe,(CO),,] salt from diethyl ether can lead to
rupture of a hydrogen bond to a terminal CO oxygen with formation of a hydrogen
bond to the ether oxygen but does not affect the stronger hydrogen bond to the
bridging CO oxygen. Table 4 also shows that the key features of the geometry of the
HFe;(CO);; anion are relatively insensitive to its hydrogen bonding to the counter
cation.

The infrared »(CO) frequency of the bridging CO group in HFe;(CO);, salts has
been used to indicate the participation of its oxygen atom in hydrogen bonding [4].
Thus bridging »(CO) frequencies of 1740, 1650, and 1550 cm ™! have been taken as
indications of the formation of zero, one, and two hydrogen bonds, respectively,
between the bridging CO and the countercations. In CHCI, the bridging »(CO)
frequency of [Cx,NH,][HFe,;(CO),,] appears at 1654 cm™! indicative of a single
hydrogen bond to the bridging CO group as was found for the previously studied [4]
[R,NH,][HFe;(CO),,] derivatives (R = Et, 'Pr). In the weakly basic Et,O a com-
plex pattern of bridging »(CO) frequencies of 1779m, 1750w, 1684w, and 1655m
cm™! is observed for [Cx,NH,][HFe;(CO),,] suggesting that Et,O can partially
displace hydrogen bonds to the bridging CO group. In the much more strongly basic
tetrahydrofuran bridging v(CO) frequencies of [Cx,NH,[HFe,(CO),,] appear only
at 1780w and 1748m cm ™' suggesting that tetrahydrofuran has completely displaced
the hydrogen bonds to the bridging CO group in accord with reported [4] observa-
tions on [R,NH,][HFe,(CO),;,] (R =Et, "Bu, 'Pr). The structure of [Cx,NH,]-
[HFe;(CO),,] - OEt, determined by X-ray diffraction indicates coexistence of hy-
drogen bonds to the bridging CO group and the ether oxygen suggesting similar
stabilities of hydrogen bonds of both of these types. This is in accord with the
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Fig. 2. Mossbauer spectra of [Cx,NH,)[HFe;(CO),,)-OEt, obtained at 295 and 78 K. The absorber
thickness was 59 mg/cm? for the spectrum labeled A and 24 mg/cm? for the spectra labelled B.

infrared spectroscopic observation of both hydrogen bonded and non-hydrogen
bonded bridging CO groups in diethyl ether solutions of [Cx,NH,][HFe,(CO),,]
mentioned above.

Mossbauer effect studies

The Mbossbauer spectra of [Cx,NH,][HFe,(CO),,] are shown in Fig. 2 and the
resulting hyperfine parameters are given in Table 5. The parameters are similar to
those obtained for [Et,N][HFe,(CO),,] and Na[HFe,(CO),,], and the small dif-
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ferences, particularly in AE,, may result from different interactions with the
differing cations [12-14].

The doublet with a small splitting and small area is assigned to Fe3 in the
crystallographic structure shown in Fig. 1 corresponding to Fe, in structure I. The
doublet with the larger quadrupole splitting and the larger area is assigned to the
two chemically equivalent but crystallographically distinct Fel and Fe2 sites. These
assignments are consistent with those given in earlier work [12-15].

As is indicated in Table S there are both similarities and differences in the
Mossbauer spectral hyperfine parameters for the HFe,(CO)7; anion and Fe,(CO),,.
Because the magnitude of AE,, increases with increasing temperature, it seems
quite likely that the quadrupole interaction is negative in the HFe,(CO);; anion as
is the case in Fe,(CO),,. The quadrupole interaction at the two bridged sites,
AEg g, is substantially larger in the HFe,(CO);; anion than in Fe,(CO),,, indicating
that the presence of the bridging hydrogen reduces the symmetry at this site. Upon
formal reduction from Fe;(CO),, to HFe,(CO)y; the isomer shift at each iron site in
HFe,(CO);; becomes more negative, corresponding to a higher s-electron density at
the iron-57 nucleus, as would be expected by the replacement of a bridging carbonyl
group with a bridging hydrogen. The influence of the hydrogen on reducing the
isomer _shift is largest for the bridged Fel and Fe2 sites in HFe,(CO);;, but the
reduction is not insignificant even at the Fe3 site.

At 78 K the relative areas of the two spectral components in HFe,(CO);, are 66%
to 34%, which i1s very close to the expected 2:1 ratio. As the temperature is
increased, the area of the bridged iron sites, Fel and Fe2, decreases relative to that
of the unique iron site, Fe3. A similar change was observed [12] in Fe,(CO),, and
was attributed to a different temperature dependence of the recoil-free f-factor for
the two sites. An analysis of the temperature dependence of both the isomer shift
and the spectral absorption area [16,17] gives values for the effective absorber mass,
M., the Mdssbauer lattice temperature, #,,, and an estimate of the room tempera-
ture recoil-free f-factors. The results presented in Table 5 yield M, values of 113
and 124 g/mol, 6,, values of 58 and 66 K, and f-factors of 2.4 X 107 % and
1.3 1072 for the bridged iron sites and for the unique iron site in HFe,(CO);;,
respectively. When the f-factors are very small it is most likely that their tempera-
ture dependences can be quite different [15]. Indeed, the Fel and Fe2 sites have a
very small f-factor which may also be associated with the nature of Fe-H-Fe
bridge bonding and the difficulty in locating the hydrogen in the X-ray structure.
The rather small f-factors are also consistent with the rather large thermal mean-
square displacements observed in the X-ray structure. The other lattice parameters
are quite typical for this type of very flexible organorion cluster [15,17-19].

One of the most striking features of the Mdssbauer spectrum of HFe,(CO);; is
the asymmetry in the area of the two components of the quadrupole doublet
resulting from the bridged Fel and Fe2 sites, an asymmetry which decreases upon
cooling. This asymmetry has been observed earlier in Fe,(CO),, and is attributed to
a Goldanski—Karyagin effect resulting from an anisotropy in the recoil-free f-fac-
tors [15,20]. This anisotropy is clearly observed in the thermal mean-square displace-
ment factors reported for Fe;(CO),, [15,21]. It seems that a similar anisotropy in
the recoil-free f-factors must be present in HFe;(CO);;. The thermal factors yield
mean-square displacements U,;, U,,, and Uj; of 0.027, 0.051, and 0.093 A? for Fel;
0.026, 0.052, and 0.097 A? for Fe2; and 0.029, 0.061, and 0.146 A? for Fe3. This
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anisotropy is somewhat larger than that found in Fe,(CO),, and clearly accounts
for the observed area asymmetry in the outer lines of the spectra shown in Fig. 2. As
was pointed out earlier [15,20] compounds with very small recoil-free fractions, as is
the case here, are most likely to show tha Goldanski—Karyagin asymmetry. Because
the quadrupole interaction for the Fe3 site is so small, it is not possible to observe
any asymmetry for the site.
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